The photoelectric cross section of 16 O(γ,α) 12 C is estimated to be larger than the radiative capture cross section of 12 C(α,γ) 16 O. The predicted cross section and the angular distribution of α-particle are illustrated for the future experiment. The cross section just above the α-particle threshold is found to be dominated by the E2 excitation.
The low-energy 12 C(α,γ) 16 O reaction plays the crucial role in the nucleosynthesis of element in a star. However, the cross section is very small at the energies corresponding to helium burning temperatures, E c.m. ≈ 0.3 MeV, because of the Coulomb barrier, and it is far beyond out of reach by the present laboratory technologies [1] . (E c.m. is the center-of-mass energy of the α+ 12 C system.) To cope with the difficulties, the experimental challenges have continuously been developed (e.g. [2] [3] [4] [5] [6] [7] [8] [9] ), as well as the theoretical predictions [10, 11] . The current experimental projects [2, 12] of photonuclear reactions with high intensity laser are the one of the precise measurements for the tiny cross section.
The probability of the photodisintegration of 16 O just above the α-particle threshold restricts the reaction rates of the 12 C(α,γ) 16 O reaction. In particular, the angular distribution of the emitted α-particle is expected to reduce the large uncertainties of the cross section. The subthreshold 1 − 1 state at the excitation energy E x = 7.12 MeV is believed to couple strongly with the 1 − 2 state at E x = 9.585 MeV. The strong interference with two 1 − states lead to the large enhancement of the low-energy cross section, and it has been presumed to play the important role in the derived reaction rates at helium burning temperatures. In contrast, the E1 cross section is predicted not to be enhanced by the high energy tail of the subthreshold 1 − 1 state because the α+ 12 C system can be described by the weak coupling [10, 11, 13] . In our previous studies, the low-energy cross section is dominated by the E2 transition. This has been endorsed by the γ-ray angular distribution at E c.m. = 1.254 -1.34 MeV [8, 9] and the transparency of the α+ 12 C system at low energies [11, [13] [14] [15] .
In the present report, we study the photoelectric disintegration of 16 O. Using the reciprocity theorem, we illustrate the expected photoelectric cross section of the 16 O(γ,α) 12 C reaction.
Let us recall the relation between the photonuclear reaction and the capture reaction. The cross section of the 16 O(γ,α)
12 C reaction is given by the inverse reaction in * mkatsuma@sci.osaka-cu.ac.jp the following expression,
where k c is the wavenumber of relative motion between α-particle and 12 C nuclei; k γ is the wavenumber of photon k γ = E γ /(hc), E γ = E c.m. + 7.162 MeV; σ αγ is the capture cross section for the 12 C(α,γ) 16 O reaction. To obtain the predicted values, we use the same potential model as [10] .
Owing to the Coulomb barrier of the α+ 12 C channel, the α-particle cannot be emitted easily above the threshold energy. The resulting cross section is very small. To compensate for the rapid energy variation, we illustrate the cross section multiplied by the Gamow factor, exp(2πη), in the present report. η is the Sommerfeld parameter, η = Z 1 Z 2 e 2 /(hv). v is the velocity of relative motion between α-particle and 12 C nuclei. Z 1 and Z 2 are the charges of the interacting nuclei.
The cross section of the photodisintegration is expected to be larger than that of the 12 C(α,γ) 16 O reaction. From Eq. (1), we find σ γα ≈ 50 × σ αγ at E γ ≈ 8.41 MeV, corresponding to E c.m. = 1.25 MeV close to the current lowest energy of the angular distribution measurement of 12 C(α,γ)
16 O [9] . This makes it possible to determine the E2/E1 ratio of the cross section more accurately.
In Fig. 1 , we illustrate the calculated photoelectric cross section of the 16 O(γ,α) 12 C reaction. The solid curve is the result obtained from the potential model. The dashed and dotted curves are the E1 and E2 components, respectively. The vertical thin line at E γ = 7.162 MeV indicates the energy position of the α-particle threshold in 16 O. The α-particle is emitted above this energy. The peak at the 1 − 2 state can be seen at E γ ≈ 9.5 MeV. The E1 component is approximately constant below E γ = 8 MeV. The E2 cross section is enhanced as E γ decreases. The photoelectric disintegration is found to be dominated by the E2 excitation below E γ ≈ 8 MeV. This is due to the high energy tail of the subthreshold 2 + 1 state at E x = 6.92 MeV, which has the well-developed α+ 12 C cluster structure [13] .
The σ γα exp(2πη) in Fig. 1 appears to resemble the astrophysical S-factor in the 12 C(α,γ) 16 O reaction [10] . The energy variation, in fact, corresponds to σ γα exp(2πη) ∝ S/E The photonuclear reaction may remind us of the discussion about the dipole excitation. However, the photomagnetic dipole excitation (s-wave) is forbidden. The electric dipole transition (p-wave) is hindered by the isospin selection rule. Thus, the E2 excitation (d-wave) could be dominant mode of the transition in the vicinity of the α-particle threshold. The E3 and E4 transitions (f -and g-waves) are negligible.
The angular distributions of the α-particle at E γ = 8.0, 8.5, 9.0 and 9.5 MeV are shown in Fig. 2 . The solid curves are the results obtained from the potential model. θ c.m. is defined with respect to the beam direction. At E γ = 9.5 MeV, the angular distribution appear to be the single peak due to the 1 − 2 state at E x = 9.585 MeV. The angular distribution becomes the double peaks at E γ = 8.0 MeV. The dashed and dotted curves are the pure E1 and E2 components. The E2 contribution caused by the subthreshold 2 + 1 state interferes with the dipole component.
The differential cross section at θ c.m. = 90
• can be made only from the E1 component, because the E2 component vanishes at this angle. Using the 90
• cross section, the integrated E1 cross section is expressed as
The dashed curve in Fig. 1 can be confirmed from this relation. The numerical values are listed in Table I . The 90
• cross section basically determines the E1 contribution of the photodisintegration of 16 O. In addition, the E2 contribution is predicted to be large at low energies, so the angular distribution has the minimum at • . In this circumstance, the E1 component may be susceptible to the background noise. The absolute value of the E1 cross section could not be determined without precise measurement of the angular distribution. We expect that the E2/E1 ratio will be provided more accurately by the future experiment.
In summary, the 16 O(γ,α) 12 C reaction has been studied with the potential model. We have shown the calculated photoelectric cross section and the angular distribution of α-particle. The cross section just above the α-particle threshold is dominated by the E2 excitation. The cross section of the photoelectric disintegration is found to be larger than that of the 12 C(α,γ) 16 O reaction.
